In this paper, a model is proposed to more closely describe the relationships between polishing parameters and the material removal rate for the commonly used storage disks in PC. Experiments were conducted to verify this model. It is shown that the proposed model predicts the material removal rate more accurately than existing models. The proposed model is expected to apply to different materials polished by similar processes. The FEM analysis of the applied polishing pressure well explained the current empirical results. 
Introduction
The magnetic rigid disk drive is one of the most popular data-storage systems used today. In disk drives, electroless NiP plated Al-Mg alloys (NiP/Al) and glass-ceramic are the major substrate materials used. The surfaces of a substrate are generally polished to reach surface finish and flatness requirements.
Chemical-mechanical polishing (CMP) is one of the preferred methods that are currently in use for both planarizing and smoothing surfaces. It is crucial to develop a model of the CMP process to allow a full exploitation of the power of this technique. However, the physical mechanisms that control the CMP process are still not fully understood.
During a CMP process, surface is polished to form a planarization topology based on chemical reaction and mechanical shearing force. Sivaram et al. [1] stated that material removal rate followed the Preston equation [2] and was proportional to the rate which work was done on each unit area of the surface to be polished. Cook [3] concluded that the chemical removal rate was function of the size of polishing particles and the solution PH. Warnock [4] and Runnels and co-workers [5] [6] [7] developed models to predict polishing rates of arrays of features with different size and pattern density. Bajaj [8] studied effects of polishing pad material properties on the CMP process. Wang et al. [9] studied the stress distribution across a wafer. Tseng et al. [10] studied the effects of as-deposited stress, externally applied stress, hardness, and modulus of various dielectric films on chemical-mechanical polishing removal and post-CMP cleaning process. Liu et al. [11] developed a model based on a statistical method and elastic theory to describe the wear mechanism of the silicon wafer surface during chemical-mechanical polishing. Cook [3] proposed a detailed model for the polishing process. Bramono and Racz [12] used computational dynamics code to simulate the flow of slurry in the process. Wu [13] and Tsai [14] also developed models to predict the material removal rate of the process. It can be seen from the above description that many models have been proposed to describe material removal mechanisms in the process. Some models attempt to predict the material removal rate of the process. However, there are still differences between the experimental results and the predicted results.
In this paper, a model to describe the relationship more closely between the material removal rate and major polishing parameters is proposed. Experiments were then conducted to verify this model. It was known that the material removal rate was highly dependent on the pressure applied. Therefore, it was required to know the distribution of pressure applied on the work. In this study, the distribution of pressure applied on workpiece was studied by using the finite element method. Finally, conclusions are made based on these results.
Model
Preston [2] conducted experiments and established the well accepted equation:
where RR is the material removal rate; P is the polishing pressure applied; V is the relative velocity between the pad and the workpiece; and K P is a constant. Although the above equation is frequently adopted in simulating or predicting polishing behavior, there were differences between test results and the results predicted using the equation [13, 15] .
In this paper, a new model is proposed to predict polishing the behavior more accurately. In the CMP process, chemical reaction might happen between slurry and the workpiece, and the top layer would be treated chemically for material removal by the subsequent mechanical action. Mori et al. [16] stated that when two solid phase materials composed of different chemical elements make contact with each other, many kinds of interactions are generated at the interface and when solids are separated by some mechanical means, atoms on one surface might move onto the other surface.
Based on the above concept, the material removal rate should be dependent on the probability that the solids make contact with each other. As a hypothesis it is suggested that the contact probability of solid is dependent on the film thickness between the polishing pad and the work. The increase in the relative motion between the pad and the work will also increase the probability of material removal. Therefore, it was proposed that the material removal rate be represented by the following equation: 
RRϰP(h) × Vϱh
where RR is the material removal rate; P(h) is the probability that material removal occurs and it was approximated by an exponential function of the film thickness, h; n is a constant and is dependent on other polishing parameters; and V is the relative speed between the polishing pad and the work. According to Ref. [5] , the film thickness h can be expressed by the following equation:
where µ is the viscosity of the slurry; K h is a constant; A is the area of the polished surface; P is the polishing pressure applied. It was indicated that an increase in the applied pressure decreased the film thickness. An increase in the viscosity of slurry or the relative speed between the polishing pad and the work will increase the film thickness. Eq. (1) can then be rewritten as:
For convenience, we defined RR / V as the removal rate index and ͱV/P as the film thickness index. Eq. (4) shows that the removal rate index is a function of the film thickness index.
Experiment design and experimental setup
In order to verify the proposed model, a series of experiments over a range of polishing conditions were conducted. These tests were conducted with three levels of applied pressure, three levels of disk location, and three levels of rotational speed. The work material used in the experiments was glass-ceramic substrate. And the polishing pad was a Universal LP-66. The slurry used was Mirek E30 (CeO 2 ). Table 1 shows the levels of these parameters.
In addition, the experimental results of Wu [13] were also adopted to verify the proposed model. These tests were conducted with two levels of applied pressure, two levels of locations of nozzles for slurry, two levels of flow rate of slurry, and two levels of rotational speed. The work material used in the experiments was aluminum-magnesium substrate. The slurry and polishing pads used were the Politex DG-Hi provided by Rodel and Fujimi 3471, respectively, which were also different from those used in these studies. Levels of these parameters are also shown in Table 1 .
The tests were conducted on the Micro Line AC 319 double side polishing machine. Fig. 1 is the schematic diagram of the relative positions of the inner, middle and outer disks. It should be noted that the ring gear was fixed and the sun gear was held still in these tests. In other words, polished disks will stay at given locations without movement during the process. The removal rate of disks placed at different locations might be different since the relative velocity between the disk and the pol- ishing pad varies. The thickness of rigid disk was measured before and after the polishing process at several locations. The difference between the average thickness of disk before and after polishing was estimated.
Pressure distribution on disk
It was well known that the material removal rate is highly dependent on the pressure applied during the process. In order to predict material removal rate more accurately than can be achieved by existing models, it is required to know the distribution of pressure on the work beforehand. However, it was difficult to measure the pressure distribution during the process directly. In this study, the finite element method was used to simulate the process and realize the pressure distribution. A commercial software ANSYS was used.
The following assumptions were made for this analysis:
1. the loading applied during the process was constant; 2. the carrier shown in Fig. 1 could be neglected in the simulation, since the thickness of carrier is smaller than that of the workpiece. results for pressure distribution on the aluminum-magnesium substrate and glass-ceramic substrate, respectively. It was found that pressure applied on the inner disk was higher than that on the middle or inner disk. The average applied pressure on the inner disk is about 1.4 times that on the outer disk while that on the middle disk is about 1.15 times that of the outer disk. It is also shown that the outer rim of the disk sustained a higher pressure than the middle of the disk. Similar phenomena were also found in other independent experimental results [9] and simulation results [17] .
In Wu's experiments [13] , it was found that the average material removed for inner disks was (about 25%) higher than that for outer disks when polishing aluminum-magnesium substrate. Since the inner pin ring was fixed in these tests, the disks were fixed at given locations during the process. It is also to be noted that the relative velocity between the disk and polishing pad was proportional to the distance between the location examined and the center of the upper working wheel. If the applied pressure was uniform, the removal rates of polished disks were then proportional to the distance between the location examined and the center of the upper working wheel. Therefore, the material removed for the outer disks should be 42% higher than that for the inner disks. However, it is shown experimentally that the material removed for outer disks was 25% smaller than that of inner disks. Figs. 4 and 5 showed the effects of disk location on the average and the standard deviation of normal stress. It is shown that both the average and standard deviation of the normal stress on the inner disk was the highest while it was the smallest on the outer disk. This explains why the material removed for the outer disks was smaller than that of inner disks when polishing the aluminum-magnesium substrate.
Results and discussion
For each test, the average relative speed between the pad and substrate was calculated. The average applied pressure on each disk was calculated based on the simulation results using the finite element method. The average removal rate of each disk was estimated based on the thickness of disk measured before and after the polishing process. These data were then used to estimate the removal rate index and the film thickness index. Fig. 6 shows the relationship between the removal rate index, RR / V, and the film thickness index, ͱV/P. It was found that the removal rate decreased as the film thickness increased. And the removal rate index was strongly correlated with the film thickness index. Based on these data, it was found that the n-values in Eq. (4) for the aluminum-magnesium substrate and glass-ceramic substrate were 1.48 and 1.1, respectively. And the removal rate model can be expressed as
It is shown that the effect of applied pressure on removal rate was higher when polishing the softer aluminummagnesium substrate than polishing the glass-ceramic substrate. This might be due to the hardness of the alumi- num-magnesium substrate being much lower than that of the glass-ceramic substrate, and the effect of applied pressure on removal rate became more significant when polishing the aluminum-magnesium substrate. It is also shown that the effect of the relative speed on removal rate was higher when polishing the glass-ceramic substrate than polishing the aluminum-magnesium substrate. It is believed that the increase in the relative speed between the polishing pad and the work increases the chemical activity in the interface of the polishing pad and the work. The chemical activity became important when polishing glass-ceramic substrate. Therefore, the effect of the relative velocity on the removal rate was higher when polishing glass-ceramic substrate.
Figs. 7 and 8 showed the measured removal rate versus those estimated based on the proposed model for both the aluminum-magnesium substrate and glass-ceramic substrate, respectively. For comparison, the removal rate estimated based on other existing models were also shown in the figure. These models included Preston's equation [2] , Tseng's model [10] , Wu's model [13] , and Tsai's model [14] . It is seen that the proposed model can more accurately estimate the removal rate. Table 3 lists the coefficients of determination between the measured and the estimated data. The maximum differences between these data are also listed in the table. Fig. 8 . Comparison of the measured removal rate with those estimated from models for glass-ceramic substrate. As shown in the table the proposed model was superior to other models in describing the relationship between the material removal rates and polishing parameters. The average error for the proposed model was less than 10% while that for most other models was above 10%.
Conclusions
In this paper, a model was proposed to describe the relationships between polishing parameters and the material removal rate. The finite element method was adopted to realize the pressure distribution on the disk. Experiments were also conducted to verify this model. Conclusions were made based on the obtained results:
1. It was shown experimentally that the removal rate index was a function of the film thickness index. 2. The proposed model was superior to other models in describing the relationship between the material removal rates and polishing parameters. 3. The finite element results showed that the average normal stress on the inner disk was the highest while that was the smallest on the outer disk. This explained why the material removed for outer disks was smaller than that of inner disks when polishing aluminummagnesium substrate with fixed inner pin ring.
